FOR several years past it has been evident to many radiologists that, in the absence of some fundamental change in our methods of generating X-rays, further development in the science of radiology would be limited to matters of detail. Great improvements in apparatus and in methods have been brought about, especially during the war, but so far as the real essentials are concerned we are no further on than we were a dozen or more years ago when, perhaps without realizing it, we arrived at a sort of blind end out of which we have been trying to find a way.
The various steps that have marked the development of radiography are familiar to most of us. The demand for shorter exposures led to the production of more powerful coils and tubes capable of receiving these heavy currents-at one time the race between the coil maker and the mlaker of X-ray tubes was not without some elements of excitement. Almost it seemed that, given a sufficiently large coil and suitable tube, instantaneous radiography would follow as a matter of course; but we were not long in finding out that the induction coil was subject to limitations of an inherent nature-the self-induction and impedance of the secondary winding-that most effectually barred any real progress beyond a certain more or less well-defined limit. The monster coil was a disappointment that increased with its size, and it is doubtful if we have anything that can compare with a good 12 in. coil and mercury break, so far as it goes, as an efficient means of exciting an X-ray tube. The use of the electrolytic interrupter satisfied the demand for more current through the tube, but the large amount of inverse current was a serious drawback, which even the valve tube (itself a very unsatisfactory instrument), failed to remove entirely. Still the cry of the radiographer was for more milliamperes, free from inverse current, feeling quite sure that once obtained all would be well. At this juncture an electrical engineer-my friend Mr. (now Dr.) H. Clyde Snook-Section of Electro-Therapeutics brought forward his high-tension transformer, with a closed magnetic circuit and mechanical rectifier, giving a perfectly unidirectional current in larger volume than anything of which we knew. The promised land seemed well in the foreground and we hailed him as our deliverer. We have had this instrument now for close on a dozen years, and there is no doubt that it has been of enormous service to the whole science of radiography, but can anyone of us who has had a large experience in its use say that it has realized our full expectations ? Do we get a shortening of the exposure in proportion to the greater current as compared with that from a coil? Or again, given the same scieen effect, can we get the same result on a plate for a given exposure as in the case of a coil? With all the good points of these machines, the fact remains that to these questions only a negative answer can be given; and machines of the Snook type are very inefficient as producers of useful X-rays. In the early days of our disappointment we hid our chagrin by blaming the X-ray tube, and possibly many radiologists continue to do so. During the years of the war it is true we had much to put up with, but not entirely due to faults in the X-ray tube as such, or on the part of those who made them for us in the face of great difficulties. My own belief is that the best quality of X-ray tube such as we had at the outbreak of war is a wonderfully efficient and satisfactory implement, more sinned against than sinning, but quite unable to show its possibilities under existing conditions of use.
The chief object of this combined meeting is to explain our difficulty to the members of the Institution of Electrical Engineers and the Rontgen Society in the hope that they may be able to suggest a more efficient means of exciting our X-ray tubes. As some of them are not practical radiologists I think it would be as well to explain one or two fundamental matters, so that they may the better appreciate our requirements. The essential need of the radiographer is a supply of X-rays having a high degree of actinism and with sufficient penetration to pass through the thickest parts of the body without serious loss of this actinism. A " soft " or low-resistance tube gives off very actinic rays which have only a low power of penetration; we can increase this penetration by raising the voltage of the current applied to the tube, but only to a limited extent under present conditions, as I shall explain presently. We can have more highly penetrating rays by using a, " hard " or higher resistance tube, but this is accompanied by an equal, or even more rapid4 falling off in the essential property of actinism, and plates made with hard tubes are of inferior quality and little diagnostic 76 Morton: Efficiency oj High-tension Transformers value except in the case of fractures and other of the simpler applications of radiography. How then are the prime requirements of the radiographer to be met ?
Before attempting to answer this question we should first critically examine existing methods of operating X-ray tubes, and the only two we need consider are the induction coil and the high-tension rectifying machine of the Snook type. The large' static machine is out of the question, in this climate at least, and the high-tension transformer with valve tubes to suppress the waves in one direction was early discarded.
With the aid of an oscilloscope and a rotating mirror some very interesting phenomena are presented for our study. If both terminals be connected in turn to the coil and transformer and a weak current be passed, we get more or less characteristic current curves of each, and the volume of current being very small the curves are not distorted by self-induction or impedance to any appreciable degree. Only the negative pole glows and its digression from the zero line is in direc proportion to the impressed voltage. In the mirror the coil shows us a curve having the general characteristics of fig. 1 , while that of the transformer is shown in fig. 2 , a rectified double-sine curve. In the one we have an alternating current quite unsymmetrical'in both form and duration; in the other a series of perfectly regular sine curves, identical in form, duration and sequence. The periodicity remaining constant the curves are narrower and more numerous the more slowly the mirror is rotated; rapid rotation widens them out without affecting the height, all this being due to retinal persistence.
Here we have two voltage curves with widely different characteristics, and practical experience has taught us that the first is the more efficient for our purpose, up to the limit of its capacity. We get more penetration and more actinism for a given current, greater steadiness, less heating, and a longer useful life for the X-ray tube. A further point in favour of the coil current is Ithat it will keep a tube working smoothly Section of Electro-Therapeutics on a lower reading of the milliammeter. Every tube has a certain amount of inertia and requires a higher voltage to start it than to maintain it in action; the sudden rise at the moment of " break" readily overcomes this inertia.
The explanation of this superiority of the coil over that of the transformer is a problem that has puzzled many radiologists-few more than myself. The mean value of the current through the tube is of no help to us in estimating efficiency, and we must have more detailed information as to what actually takes place. I think it is generally agreed that penetration is dependent on electron velocity within 'the tube, which in turn is dependent on the impressed voltage. Thus, it would appear that the impression of a sustained high voltage on a tube in the best condition to ensure the greatest actinism should meet our every requirement. By " sustained" I do not mean " continuous" in the ordinary acceptance of the term; for reasons which will appear in the course of this paper my view of the ideal current is one consisting of extremely high-voltage impulses, of very brief duration as judged by ordinary standards, yet sufficiently sustained to have an appreciable time factor. Such current as would pass through the tube by virtue of those lower voltages represented in the lower part of the above curves should be suppressed or diverted. If the voltage of the initial impulse be sufficiently high and sustained for even a small fraction of a second, one will be enough for any ordinary purpose in radiography. This is the problem to be solved, and, as others may be disposed to disagree with me. I will now briefly relate those observations and experiments that have led me to these conclusions.
In the days of comparatively feeble apparatus we were troubled with the inverse wave of the coil current as soon as we began to use as our source of supply the public supply mains with their higher voltage. To suppress this undesirable element the simple " point and plate " spark gap in series with the tube gave excellent results so long as the current was insufficient to establish an arc. This simple device gave us some very valuable indications that were for the most part ignored, an,d at the best did not receive the attention they deserved. Its action was of course that of a resistance gradually increased until all evidence of inverse current disappeared from the tube. Incidentally it also suppressed a corresponding amount of the current in the proper direction; the two being equal and opposite, the milliammeter reading was unaffected. Notwithstanding this elimination of a portion of its proper current 78 Morton: Efficiency of High-tension Transformers the X-ray output of the tube was also unaffected-at times I thought it was actually improved, but as I could not reconcile this with prevailing ideas I hesitated to commit myself to any definite statement. For all that, I carried my observations a step further and, instead of leaving the spark gap just sufficiently wide to eliminate the inverse zcurrent, I opened it still further until the milliammeter reading began to fall to a quite definite amount. Still the X-ray output remained appreciably unaffected as judged by plate and pastille. Opening it still farther, the X-ray output began to fall off, but not to the same extent as would be expected from the diminution of current. Here, again, I -thought I detected a distinct gain in efficiency, but ascribed it to some vagary of the tube itself-and they had many in those days. At this stage the spark gap ceases to be a satisfactory instrument-unpleasantly noisy in the open, and troublesome from the rapid formation of nitric fumes if enclosed. The obvious lesson from these observations is that it is through the influence of the higher voltages alone that we get useful X-rays from our tubes. Below a certain point the resultant rays have little or no penetration and for our purposes are worse than useless. This being the case, the question naturally arises as to why the coil is unable to meet our requirements, considering the enormous voltage available at the moment of " break." If we examine an oscilloscope in series with an X-ray tube strongly energized by a coil, with the mirror rotating at moderate speed, the explanation is at once available. If we consider thd enormous potential set up by the coil when arranged for a rapid exposure-capable of bridging 12 in. or more of air-and the relatively low resistance of an X-ray tube in the best condition for radiography, the initial rush of current must have a very high magnitude. The oscilloscope proves this to be the case, but it also shows that its duration is extremely short, so short indeed that rapid rotation of the mirror has little if any effect in opening it out laterally, and also it is ,extremely difficult to be sure of its upper limit where it tails off to nothing, so gradually that we cannot be sure where the end is. This is partly due to the self-induction of the secondary, cutting off this rush of current almost simultaneously with its birth. It is also due in no small degree to something inherent in the X-ray tube itself. Notwithstanding its brief duration-its correct representation in a diagram would be as near Euclid's definition of a line as anything I know of in natureit is this impulse that makes the coil current so efficient up to the limit of its capacity. It is the absence of any such high-voltage impulse Section of Electro-Therapeutics that keeps the efficiency of the transformer current so low. For the same current through the same tube the top of the transformer curve extends little more than half-way to the highest point of that of the coil.
Of the total radiation from a tube energized by a coil, probably no more than 20 per cent. consists of useful rays; energized by a transformer the proportion is probably less than 10 per cent. This is of course a deplorable state of affairs, which is not made any more palatable by the knowledge that the efficiency of both coils and transformers is lower than it need be, for which radiologists have only themselves to thank. I am fully conscious of the seriousness of this charge, but so long as the radiologist takes milliamperes as his sole criterion, quite regardless of how they are made up, just so long will the further improvement of existing apparatus be delayed. There is no inducement for the manufacturer to improve efficiency-he must gather up and use every available fragment of current if he wishes to sell his apparatusbecause radiologists as a whole have learnt nothing from the disappointing efficiency of the high-tension transformer. Yet improvement in efficiency is not only possible but easy, and manufacturers will readily effect this for us if we only make reasonable demands, backed up by knowledge of what we really do want. As an instance of the present state of things, take the case of a certain mercury break to which is attached a mechanical rectifying device that has achieved some success, and of which some members may have had experience. It arose out of a desire to apply the principle of the Snook machine to the coil, and of course my first impulse was to rectify the inverse wave and pass it through the tube. Fortunately, before I got very far with this idea I recalled the lessons learned from the spark gap, and decided to eliminate it altogether; but still somewhat obsessed as I was at that time with a desire for more milliamperes, I arranged the rotating wires to pass fairly close to the collectors, giving the latter the form of a sector. Even then I was criticized for not providing tinsel brushes on the ends of the rotating wires to ensure good contact. In vain did I plead that I was already picking up current of little or no value, but the Electro-Therapeutic Section would have none of it. Feeling sure of my ground, and still following the lesson of the spark gap, I shortened the sector to a point and finally altered it to a ball. Then I began to increase the clearance between the ends of the wires and the balls, and every alteration was followed by a gain in efficiency, steadier action, less heating, and longer life of the X-ray tube. I am not prepared to say just how 80 Morton: Efficiency of High-tension Transformers far we might go in this direction, but it gradually becomes noisy and insulation difficulties begin to arise. At present I know I am sacrificing a certain amount of efficiency for the sake of silence, but on the whole I am well content with my coil set.
When first brought out, this device was the subject of a certain amount of unfavourable criticism by certain manufacturers, who later on did not hesitate to copy it, and with an unwonted unanimity not one has remembered to acknowledge where they first got the idea. However, I readily forgave them when I saw how they had carried it out Here again we see the baneful influence of the unreasoning and unqualified demand for milliamperes. In a recent number of the Archives there is an advertisement in which " actual contact on the high-tension collectors" is put forward as a special feature, whereas the fact is th-at this firm has gone to no little trouble and expense to lower the efficiency of the outfit with which it may be worked. This is, however, not so bad as the case of another firm who, in the effort to " go one better," rectify the inverse wave and pass it through the tube. So far from being an improvement it is no more than a complicated and costly means of spoiling an otherwise good mach:ine. This is not the way to improve efficiency; instead of demanding more milliamperes, let us measure the efficiency of our apparatus by the radiological result obtained from a given number of milliampere-seconds on both plate and pastille. That is the only thing that matters to the practical radiologist, and to increase this efficiency the manufacturer will be obliged to cut out the lower half of the coil curve and probably not less than 80 per cent. of the transformer curve. That this radical departure from usual practice will be followed by a distinct gain in efficiency is not a mere expression of opinion; I have tried it and proved it to be true beyond all question of doubt.
With regard to machines of the Snook type, I had one of these installed at the West London Hospital some years ago, and when delivered it was like most others-disappointing. It had the original cross-arms of wood in the rectifying portion. After a few months' use I began to shorten the collecting blades, and after each alteration there was a gain in efficiency. For a given adjustment of the primary circuit the reading of the milliammeter steadily declined with each shortening of the blades until the latter were represented by only a point. The efficiency at this stage was at least equivalent to that of a coil. It should be mentioned that though the collector was but a point the current began to pass before the rotating conductor reached it,and continued to flow Section of Electro-Therapeutics for a corresponding time after it had passed, so that a not inconsiderable portion of the top of the curve was made use of. I could not carry on with this as it brought insulation difficulties not provided for in the design,'and I had to be content with a sector about one-quarter of the original length. Even then the efficiency of the machine was practically doubled, the consumption of X-ray tubes was reduced in a most satisfactory manner, and they gave better service while they lasted. Latterly, after several years of hard work and unfavourable conditions arising out of the war, it had to be reconstructed, as to its moving parts at least, and I am sorry to confess I allowed myself to be persuaded into having a disc rectifier instead of the original wooden cross-arms. The efficiency is now back to what it was, or nearly so. The disc may be sound for mechanical reasons: radiologically it is bad, as at present constructed. Personally I prefer the original arrangement.
It may be somewhat of a surprise to some that practically all the views I have expressed up to this point, and all the experiments I have tried in order to improve the efficiency of X-ray apparatus have sprung from observations with the oscilloscope and rotating mirror made as far back as 1904. I believe I was the first private individual in this country to acquire an oscilloscope, and shortly afterwards I gave a demonstration at a meeting of our parent society, the British Electro-Therapeutic Society. It was my good fortune to have the co-operation of the late Dr. Lewis Jones, and well do -I remember the first evening we spent with this fascinating instrument. We were frankly mystified, yet both felt that what we had observed was of great importance, though at that time we could not appreciate its full meaning. It was often referred to in our conversations during the all too few years he had to live. On that occasion we made a note to the effect that " the important and probably only essential part of the impulse through an X-ray tube is of extremely brief duration." Probably few men made more numerous intelligent anticipations than Dr. Lewis Jones and, fortunately, he lived to see the realization of many. Though we made the above observation together at the same time and place, I want him to have full credit for it; I believe that our methods of exciting X-ray tubes will be profoundly altered in the immediate future on lines that are the direct outcome of this observation. I prefer to picture to myself the intense pleasure it would have given him to have seen this through to its consummation, in addition to the privilege I now have of paying a tribute to the memory of one of the most excellent of men.
It will be remembered that those were the days of small coils and small tubes; the mammoth coils and the Snook machine were yet to come. When these and a host of other new things did come, together with new methods and new applications to be worked at, my oscilloscope was forgotten. It was not until I was approached on the subject of this meeting that I dug it out again and resumed investigations that should have been done years ago. It was not without some trepidation that I set it up for the first time to examine it in series with an X-ray tube and Snook transformer. In view of the wide difference in the voltage curves of this and the coil, and that the high-voltage impulse of the latter at the moment of " break " Inight quite well have been the determining factor in what we had observed, I had a great fear that what I was about to see might be at least difficult to reconcile with ideas firmly held for many years, if not refuting them altogether. There was no need for anxiety as it happened, and figs. 3 and 4 show the general character of the curves, if such they may be called.
The width of the initial impulse (a) is the image of the electrode, and does not indicate the proportion it bears in time to the whole. Rapid rotation of the mirror does not appreciably increase its width, while the rest (b) of the cycle, consisting of useless low-voltage current, widens out in proportion to the speed. I think we now have a complete explanation of the relative inefficiency of the transformer as compared with the coil. The initial impulse (a) does not reach so high as in the case of the coil, for the same mean current through the tube, nor is it any more sustained. The high reading of the milliammeter is due almost entirely to part (b), which also overheats our tubes and generally behaves'as a nuisance. The explanation of this unique phenomenon of the passage of a high-voltage current through an X-ray tube I must leave to the physicist, who I am sure will find it an interesting if not a difficult problem.
It is now easy to understand how efficiency was improved: (1) By the use of a spark gap; (2) by increasing the resistance in the secondary circuit of my mechanical rectifier; and (3) by shortening the collecting blades in the Snook machine; all three being no more than the provision of one or more air gaps in the secondary circuit.
It should be remembered that with the relatively feeble apparatus in general use at the time these original observations were made with the oscilloscope,,we were obliged to use tubes in a comparatively " hard " condition to get the necessary penetration. The gradual improvement in the construction of coils and transformers since then has enabled us Section of Electro-Therapeutics to use tubes of considerably lower resistance, with a steady improvement in results. These " soft " tubes have a lower initial inertia as well and, as might be expected, the oscilloscopic appearances are not the same. The wave does not rise so abruptly; it shows unmistakable tendency to prolongation, and its fall is less rapid. Figs. 3 and 4 were obtained with a tube rather harder than is usual under the best conditions, but in the case of this transformer the main supply is a low-voltage alternating one, the least suitable of all for X-ray purposes. These altered appearances under modern conditions of working in no way conflict with my general principles; the oscilloscope merely confirms what we already know-viz., that we are " getting on."
It being my firm opinion that the initial impulse is the only part of the cycle that matters for our purposes, this is where we should concentrate our attention with a view to increasing its height-quite feasible, as the success already attained with the " single flash" coil proves-or by prolonging its duration, which may be more difficult. So far we have only partly succeeded in giving it an appreciable time factor. could do this, even to the extent of a very small fraction of a second, the problem would be solved so far as the requirements of medical diagnosis are concerned. Exposures would be similar to those common to daylight-photography under the most favourable conditions, and the flow of current through the tube would be such as to be more conveniently expressed in amperes, or at least in decimals thereof. Special provision will have to be made for screen examination, but radiography will be " instantaneous."
Having come to these views as a result of experience, experiment, and observation, it will readily be understood why I am disposed to regard what is known as the " single flash " monster coil with at least a friendly eye. Nothing else is possible if one is to be consistent. I have had no personal practical experience, for unfortunately there are very few examples in this country, but long before I had an opportunity of seeing one that is in regular use and the most excellent results obtained, I had committed myself to the opinion that the system was not only sound but in all probability would ultimately prevail. Having seen and 84 Morton: Efficiency of High-tension Transformers examined the working of the installation at King's College Hospital, through the kindness of Dr. Robert Knox, and the extraordinarily file results regularly obtained there, the matter is, so far as I am concerned, at least no longer one of conjecture. The apparatus is a revelation of simplicity, silence, and high efficiency. Exposures are the same for all parts, only the intensity of the discharge being altered by the primary resistance to meet the varying thickness of the different parts of the body. The best results are obtained with tubes of very low resistance, giving most beautiful contrast, a wealth of detail, and absolute sharpness of outline, even in the case of the heart, or in the event of movement on the part of the patient-voluntary or otherwise. As regards, the effect of these intense discharges on the life of the X-ray tube, this is much less prejudicial than time exposures; we have already learned this from experience with the multi-anode electrolytic interrupter. I must leave further details of this system to those who have had practical experience with it. It is my firm conviction that the future of radiography is bound up more or less inseparably with the " single flash " system, and manufacturers would do well to give this matter their very serious consideration.
In the course of these comments by way of opening this discussion on behalf of the radiologist, I have not attempted to cover the whole ground, and there are aspects of the question that must be left ta others more competent to deal with them. I have indicated means by which existing apparatus may be improved in efficiency and also the problems to be faced in designing better methods of exciting the X-ray tube. In advocating what is in effect a return to the coil-suitably modified-in preference to the transformer for radiography, I do not. mean to decry the latter. I have both admiration and respect for a machine that has served radiology so well, and also for its inventor. In conjunction with the Coolidge tube there is likely to be an increasing demand for it in radio-therapeutics, but I think it should be so modified as to eliminate at least the lower half or even two-thirds of the wave. This alone will raise its efficiency to the level of that of the coil as ordinarily used, as I have already proved, while its greater output. will give it corresponding advantages. But if the " single flash " coil will do all we want in radiography-and there seems to be na doubt on this point-I can see no advantage for the transformer.
It is no small matter to get away from large and rapidly rotating parts with their inherent liability to break down, and the constant noise and vibration, inseparable from such machines, that are so undesirable in the Section of Electro-Therapeutics examination room of hospital as well as private practice, however much they may be minimized by careful construction. And, after all, it is not impossible that the final and ideal apparatus may be quite different from anything we have at present, in which perhaps resonance or harmonics play an important part; but this is where I must give place to others conversant with these intricate phenomena.
I have been asked whether the two diagrams of oscilloscopic pictures (p. 83) are not figments of the imagination. They are nothing of the kind. They represent the appearance which you get if you take a fairly hard tube and connect it with a high-tension transformer. It is due entirely to the fact that the resistance of the tube was high. The entry of the current into the tube is delayed, and when it does enter it enters suddenly, and you get a high impulse at first, as you see. Remember that the width of that impulse is the image of the electrode-it bears no proportion, in time, to the rest of the phase-and -as you spin the mirror faster and faster that image remains practically unaltered.
In opening these remarks supplementary to the paper already circulated I cannot do better perhaps than state what may be described as the text of my discourse.
Efficient radiation from an X-ray tube depends directly upon electron velocity. Such electron velocity as results from the flow of an undulating current through an X-ray tube is too low to produce efficient radiation. The radiation efficiency of any current applied to an X-ray tube will be increased directly as the character of its inflow partakes of the element of shock.
Since sending in the MS. of my paper I have been making some graphic records of what actually takes place with each electrical impulse through the X-ray tube in terms of resultant radiation. For this purpose I made a shallow trough of wood, covering the top with sheet lead, but leaving a slit approximately 075 mm. wide across the middle. A small frame that would readily pass along the trough under the lead cover was provided with a catch and spring release-the motive power being an elastic thread. The frame acted as a film carrier, the strip of photographic film being enclosed in black paper. In use the X-ray tube is centred over the slit, the frame loaded with a film and the elastic in tension. All being ready the tube is turned on for a second or two while the frame is released carrying the film past the slit at a speed of about 20 ft. per second which gives a convenient spacing under ordinary circumstances. For testing efficiency in apparatus, X-ray tubes, or photographic plates and films this simple expedient is most satisfactory and gives results that are comparable with a minimum of error. I made it a rule to develop all the films exposed during a test in the same tank and at the same time. Strips about 1 in. wide are convenient to handle and leave room to cut away parts that may have been damaged during manipulation. In the lantern slides now shown narrow strips of these films are bound up between two cover glasses. These investigations have taught me a great deal, and were I writing my paper again it would be altered in some details of a minor character, but on the whole they tend to bear out my ideas very satisfactorily.
The top film ( fig. 5 ) was made under conditions as nearly as possible the same as when Dr. Lewis Jones and myself first used the oscilloscope: 10 in. coil, motor mercury break, 24 volts, and a Chabaud tube passing about 075 ma. With a trifling allowance for diffusion the slit and its image on the film are exactly the same width, and the image is not appreciably wider with the film travelling at about double the speed-exactly in keeping with our original oscilloscopic appearances. As the power of the apparatus increases a second image of the slit appears immediately after the first one, but much fainter. It remains practically the same with a higher film speed though the width of the space increases, showing that there is a definite time factor here at least. The second strip is from my own coil showing four images, more easily seen in the third where an intensifying screen was used. The film speed was lower in this instance and the images closer together. The fourth strip is the result of one interruption from the " single flash " coil at King's College Hospital which I obtained through the kindness of Dr. Knox. The film speed was about 30 ft. per second. It will be noticed that the impulses are appreciably sustained and as a rule ten can be made out, gradually diminishing to zero. .So far as my observations go the use of an intensifying screen does not increase the number of these images-it merely enhances the visibility of those seen without its use-and the same applies to chemical intensification after development and fixing.
This slide (fig. 6 ) is to show the influence of film-speed-that of the middle strip being almost exactly double that of the other two. The lowest one shows the effect of the intensifying screen, and between the low speed and the fluorescence of the screen the images have run into one another almost to the extent of continuity. The images of the slit do not widen with the increase of speed.
Section of Electro-Therapeu tics
As we increase the distance between the anticathode and the film the images naturally get fainter, the weaker ones disappearing rapidly. The upper pair were from a coil, the lower from a transformer (fig. 7) . In all, the current was 12 ma. Anticathode-film distance 5 in. for the first and third, 16 in. for the second and fourth. I happened on a poor film for these but show them because all the conditions were the same and are therefore comparable. A soft tube was used-the resistance equivalent to 2in. of air-for these and the same tube for the films shown in the next slide. The first three strips are from a tube excited by a transformer at a distance of 15 in. from the film, the current being 20, 30, and 40 ma. respectively; the last is a coil record (12 ma.) for comparison ( fig. 8) . The shading bears a direct relation to the wave form and shows that only the peak is of any value for our purpose. Increase of current through the tube does not produce anything like a proportionate blackening of the film, from which it appears that the useless current bears a rapidly increasing proportion as the total current through the tube is increased. I have known for long that we do not get propor-*tionate shortening of exposures with greater current from the transformer as we do from the coil. These films are at least a help in understanding this matter.
This last slide ( fig. 9 ) has interested me very much. The tube was excited by a 16 in. coil worked through a synchronous break from the alternating main-220 volts, 50 periods. 1 remember when examining this coil with the oscilloscope a few days before, the unusual image it gave in the rotating mirror. It is a difficult thing to describe, but was easily seen by those present. About one-third of the way from the commencement there was a fairly deep notch with convex sides, continually varying in width, even disappearing at times, with the fluctuations of the speed of the mirror. I was puzzled but had to leave the matter for future investigation. When I came to examine these films I saw what I think is the explanation. As I understand, these coils have two primary windings, reversed to each other and each with its own pair of contact blades in the interrupter. The connexions are such that all the impulses through the primary are in the same direction. Alternate impulses through the tube are generated by one primary winding, the intervening impulses by the other, and this film shows that the two sets are far from being equal. What I saw in the oscilloscope was the result of superimposing two dissimilar sets -of waves which would give an altered appearance with every degree of departure from accurate registration. I venture to say I have found out a feature of this coil not known or even suspected by its maker. Why this great difference in the two sets of impulses ? Is it due to the relative positions of the two primary windings, or, what is perhaps more likely, that the break " in one does not take place at the best point of the wave ? Whatever may be the reason I mean to have the weaker brought up to the level of the stronger-a. reversal of trade union policy-and thus eliminate causes for dissatisfaction with the performance of this X-ray set. I would also draw attention to the absence of secondary images such as we found when working with direct current. I think it will be agreed that this method of investigation with the slit and rapidly moving film has a very high value for our purpose, with the added merit of extreme simplicity, and yet capable of elaboration into one of great accuracy.
In addition to the points I have briefly indicated, it shows us that we can get sustained impulses by increasing the size of our coils; it also teaches us, so far as these huge coils are concerned at least, that we must revise our ideas as to the functions of the condenser. Instead Section of Electro-lTherapeutics 89 of being a mere dissipator of energy, it is a reservoir, and by its oscillations gives rise to impulses through the secondary winding and the X-ray tube that result in useful.X-rays. What I do not like about the system is the reverse impulses that must traverse the tube, to its detriment. Possibly these might be controlled by valve tubes, but this is a matter for future investigation. These films also seem to support my view that our chief requirement for successful work is a supply of extremely high voltage impulses more or less sustained. The higher efficiency of the coil up to the limit of its capacity is demonstrated beyond all question; and almost with equal clearness are the weak points of the transformer brought out-not the least of which is the failure of the voltage to rise with the increase of current, so that when we increase the current through the tube wedo not get a corresponding increase of electron velocity.
I think it of the highest importance that we should come to some agreement as to the real cause-personally I do not feel competent to give an authoritative opinion, but I believe it to be partly due to the self-induction and impedance of the secondary winding. I am aware that this counts for very little in ordinary transformers, but there must be a point where it begins to exert a restraining influence on output, and in the class of transformers we are considering, I believe we are well past that point. With the necessarily large number of secondary turns this impedance asserts itself long before the peak of the wave is reached, especially when drawing off a large current, so that by the time the peak comes into play, the only part of the wave we have any usefor, its influence is severely discounted. By suppressing the lower three-fourths of the wave we introduce the necessary element of shock and get that sudden rush of current characteristic of the coil without its limitations.
There is another point that may be of even greater importance, and one on which I desire to have the opinion of physicists-being deplorably weak in this branch of science myself. The advantage of the sudden impression of a high voltage impulse on the tube is that the initial rush of current has to be carried by a limited number of electrons which can do so only by virtue of a high velocity. The rest of the electrons come into action immediately afterwards, and as there are plenty of them their velocity falls. With the gradual rise of the transformer current all the electrons are brought into action by the time the peak of the wave comes into play, nullifying its influence in producing the high electron velocity so necessary for our purpose. If this theory is untenable I shall be glad to be put right, but it appears to harmonize with many of my observations. It is in accordance with this idea that I am of the opinidn that a continuous current would be unsuitable, even if we could get it; also that there would be no advantage in having the impulses. sustained beyond a very brief -period-not unlikely I am wrong in speaking of sustained impulses at all in this connexion, but at present I cannot help feeling that they might be given a just appreciable time factor with advantage. The interval between successive impulses need be no longer than sufficient to allow the electrons to come to rest. Most coils and transformers give impulses at the rate of about 100 per second, but the films I have shown indicate that the interval is very long compared with the period during which useful radiati'on is taking place, SectionL of Electro-Therapeutics and a much higher periodicity is permissible if it can be obtained. I consider it essential, however, that the electrons should be at rest at the moment the high voltage impulse arrives.
As to the most desirable wave form, a sudden abrupt rise to an extremely high peak is essential; what happens after is of no consequence whatever. It can produce only heat and useless radiation. As slide No. 8 shows, a gradual rise to the peak is hopelessly inefficient.
It being very generally agreed that a high electron velocity is essential for our purpose, we may with advantage consider the usual method of attaining velocity. Take the familiar instance of a golf ball; no golfer thinks of giving his ball velocity by means of a gradually increasing pressure-he gives it a smack! and he well knows that if the moment of impact does not synchronize with what corresponds with the peak of the curve the result will not be entirely satisfactory. This is one of the reasons why I consider the current should not flow until the voltage has risen to or near its highest point. The analogy may not be a very perfect one-few of them are, and I fear it recalls many painful memories-but it will serve. We may carry it a step further: The golfer occasionally finds his ball almost submerged in a pool of water, yet within reach. With doubtful wisdom he decides to play it without lifting under a penalty stroke. If you happen to be one of his companions in the game you will be more interested, for the moment, in what happens to the water, than to the ball, and place yourself accordingly. I want you to do so now, imagining the water to be the electrons in the X-ray tube and the head of the club the high voltage impulse. The instant the club meets the water the first particles are projected from the pool at high velocity, but as the club head gets further in the number projected increases and the velocity falls-in the end there is displacement of a large quantity of water at a very low speed. Applying this analogy to the X-ray tube, it is only the first impact that gives us the needed high electron velocity; nothing is gained by prolonging the impulse beyond a very brief period, and the sooner it is cut off afterwards the better. It further illustrates -why I consider that anything in the nature of a continuous current would not suit us at all, as the electrons must be allowed to come to rest between successive impulses. Such electron velocity as would be produced by the flow of a continuous current at any practicable voltage would be too low to generate useful radiation. Just as in the drive at golf, the moment of impact is the only instant in the whole cycle that produces useful result,
92
Morton: Efficiency of High-tension Transformers and I consider that investigations directed towards increasing the intensity and frequency of impact are most likely to lead to a realization of our desires. As to frequency, we may learn something from the film made by the " single flash " coil. " Single flash " is a misnomer-the film shows the " flash " to consist of at least ten impulses, of which any number up to five produce useful radiation. The duration of the flash is said to be approximately one-hundredth of a second, so that a frequency of 1,000 per second is quite feasible so far as the tube is concerned. I am now in a position to state what I consider the ideal current for radiological purposes: simply an intermittent current with a periodicity of 1,000 per second at a voltage equivalent to the first or even the second one of the series that make up the " single flash" I have shown. This will give us everything we can possibly want for any medical purpose-at least so far as one can foresee at the present time.
I am quite prepared for disagreement with my views. Let me say, however, that they have not been arrived at hurriedly; they are the outcome of years of experiment and thought on the part of one who has no axe to grind or any particular fad to push to extremes, other than to advance the science of radiology in common with yourselves. Therefore I ask those who may feel disposed to dismiss my ideas as absurd or fantastic to first give them careful consideration; I believe' they will bear critical examination so long as it is free from prejudice. I am quite alive to the fact that my views are rather severely critical of transformers of the Snook type, but I wish to repeat what I have said in my paper, that it is far from my wish to decry this class of machines. They have served radiology well, and some very fine results have been secured with their aid. The principles underlying the system are quite sound, and I believe an almost ideal X-ray generator could be made on the same lines. I do not approve of the way they are at present constructed, and I venture to say that the maker who has the courage to produce one designed in harmony with the views I have expressed, will score a triumph. Since first using one my desire has been to improve them, and never more so than at the present time; I regret to say, however, that I have found the majority of makers of X-ray apparatus reluctant to profit by the experience of those whose business it is to use these machines for the purpose for which they are intended. The science of radiology is still in the stage of development, and the time is not yet for conservatism or standardization.
